We have measured the attenuation of picosecond electrical pulses by two-dimensional electron gases that are monolithically integrated in coplanar transmission lines. By integrating the two-dimensional electron gas structure into the transmission line, we avoid impedance mismatches that give rise to spurious reflection. The attenuated transients are simulated by an equivalent circuit transmission line model, where the conductivity of the two-dimensional electron gas underneath the transmission line is taken into account. The measured pulses are fitted with a specific conductivity of the layers corrected with a mode overlap factor, which describes the overlap of the electrical field lines with the two-dimensional layer. We obtain an overlap factor of 0.8 -1.1.
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I. INTRODUCTION
In the last couple of years there has been an increase in the data rates in high-speed digital electronics. At present, discrete electronic devices can be fabricated with cutoff frequencies well in excess of 100 GHz. 1 However, device characterization equipment employing the electrical domain is still limited to frequencies below 100 GHz, thus restricting the possibilities to characterize devices such as high-speed high electron mobility transistors ͑HEMTs͒. In this article we study the propagation along a two-dimensional electron gas ͑2DEG͒ that is used in HEMT devices. Previous attempts performed by Frankel et al. 2 used a HEMT device wirebonded into a stripline containing a photoconductive switch ͑PCS͒. Such an approach, however, suffers severely from reflections of the electrical transients from the bonding wires. Other measurements were performed by Walecki, 3 who used THz radiation to obtain the time-dependent conductivity of the 2DEG. Our approach is based on the monolithic integration of a PCS in a coplanar stripline ͑CPS͒ for generating an ultrashort electrical transient, with a mesa 4 containing a 2DEG ͑Fig. 1͒.
In the present article, pulse propagation in such an integrated structure is studied. The metal contacts are made of Au/Ge/Ni and form an n-type ohmic contact to the 2DEG. This method allows injection of electrical transients with THz frequency components into a 2DEG without using bonding wires and study of its propagation on a femtosecond timescale using electrooptic sampling. 5 A major advantage of this approach is that it can be directly extended towards the testing of a HEMT device into the terahertz frequency regime, since the pulses include THz components. The described design also gives us the possibility of variable interaction length ͑up to a few mm͒ between the terahertz transient and the 2DEG, allowing measurement of very small absorption effects. Absorption of electrical pulses was demonstrated by Sprik et al., 6 who performed spectroscopy measurements on nonintegrated erbium iron garnet powder in a transmission line.
II. MODEL
Before we explain how the measurements are performed, the model to describe the propagating signals is presented. The standard transmission line model 7, 8 enables us to calculate signals propagating along coplanar striplines on nonconducting substrates. The model must be adapted when the substrate is conducting, 9 and due to the geometry of our structure, we also have to consider a two-dimensional conducting layer. Here, it is demonstrated that the calculation of the propagating transients with this standard model, modified with a conductive substrate, is nevertheless possible. We therefore have to include the overlap of the propagating mode with the 2DEG. Besides lossy substrates, radiation losses are also taken into account, 10 which arise when transients propagate with a velocity higher than the velocity of the electro-magnetic waves in the substrate. In that case a Cherenkov radiation cone is directed into the substrate.
The simulation of signal propagation is performed in the frequency domain. The signal at zero propagation distance is Fourier transformed, for analyzing the frequency-dependent attenuation. The signal propagation is described by:
where V( f ,z) is the Fourier transform of the signal at frequency f and distance z. The propagation constant per unit length ␥ is a complex quantity. The real part describes the frequency-dependent attenuation and the imaginary part takes into account the dispersion of the transients. The propagation constant is calculated from the impedance and admittance of the equivalent electrical circuit for an infinitesimal piece, dz, of the CPS ͑Fig. 2͒. In this model, the impedance Z and the admittance Y are equal to Rϩ jL and Gϩ jC, respectively. The frequency-dependent attenuation constant is then given by ͱZY. The factor G includes the conductivity of the twodimensional layer and the dielectric losses in the substrate. For standard transmission lines on SI substrates, this term is negligible. In contrast to three-dimensional structures, 9 G is written here as
where ⌫/s is the overlap factor of the 2DEG with the propagating mode in m
Ϫ1
, s the spacing between the lines, 2D the conductivity of the 2DEG in ⍀
, the angular frequency, ⑀ 0 ⑀ r the permittivity of the substrate, tan ␦ the loss tangent of the substrate, and K/KЈ a geometrical factor 7 for the overlap with the bulk material. For frequencies up to 1 THz, tan ␦ is negligible 11, 12 and we can omit the second term in Eq. ͑2͒. The area of the propagating mode is approximately linear with the spacing squared, whereas the area of the 2DEG is linear with the spacing. Thus, the overlap factor of the two-dimensional conducting layer and the mode is inversely proportional to the spacing. Therefore, we take ⌫/s as the overlap factor. This is valid if the spacing of the lines is large compared to the depth at which the 2DEG is located in the substrate.
III. SAMPLES AND EXPERIMENTAL SETUP
For the heterostructures including the 2DEG, the following layers are grown subsequently on this ͑001͒ SI-GaAs substrate by molecular beam epitaxy ͑MBE͒. On top of a buffer layer, a modulation-doped heterostructure consisting of a 0.5-m-thick GaAs layer, a 200 Å spacer layer of undoped Al x Ga 1Ϫx As, a 380 Å n-doped Al x Ga 1Ϫx As layer ͑1.33ϫ10
18 cm Ϫ3 Si͒, and finally a 170-Å-thick i-GaAs cap layer, is grown. A two-dimensional electron gas is formed at the interface of the undoped Al We wish to study the pulse propagation along a 2DEG, and since the ultrashort electrical pulse must be generated in a high resistivity photoconductive gap, we etch away the 2DEG structure down to the SI-GaAs substrate everywhere except for a small ͑800 mϫ100 m͒ mesa. This mesa is used to study the pulse attenuation by the 2DEG. Subsequently, the transmission lines, consisting of thick Ge/Ni/Au ͑20/15/500 nm͒ lines, are evaporated. Annealing for 1 min at 400°C is performed in order to fabricate n-type ohmic contacts to the 2DEG or the MDQW, respectively. A PCS is formed in one of the lines of the CPS. The lines have a spacing and width of 10 m and are 5 mm long. The gap size is 5 m.
For the optical generation of the electrical pulses, we use a self mode-locked Ti:sapphire laser producing 140 fs pulses at a 76 MHz repetition rate. The electrical transients are measured using electro-optic sampling ͑EOS͒ 5 by a second laser beam with a variable optical delay. Because the distance between the pump and probe beam spots on the sample is larger than the field of view of the microscope objective, an optical fiber is used for the excitation, 13 together with a microscope objective to focus the probe beam for the detection of the electrical transient. Due to the excitation of the gap with a fiber, the whole gap is illuminated resulting, in a steplike transient with an ultrafast rise time. The rise time of the transients is only limited by our system resolution. The temporal resolution is determined by the optical pulse width at the sample, the EOS resolution, and the capacitance of the gap.
14 The decay time is determined by the lifetime of the SI-GaAs and is a few hundred picoseconds. The average optical power at the fiber output is about 1 mW. This is sufficient to switch 10%-20% of the applied bias.
For the detection of the electrical transients, we have used an electro-optic crystal of LiTaO 3 in total internal reflection ͑TIR͒ geometry ͑Fig. 3͒. [15] [16] [17] The TIR geometry avoids optical excitation of the sample with the probe beam. The distance between the excitation position and the detection position is changed by moving the sample and fiber together relative to the probe beam. In this way, the alignment of the pump and probe beam stays the same, making the measurements more reproducible. Simultaneous movement of the sample and the fiber also avoids additional time delays due to different optical path lengths, allowing an accurate determination of the propagation velocity of the electrical transient. 
FIG. 2. Equivalent circuit for a transmission line on top of a 2DEG. R, L, C,
and G are the resistance, inductance, capacitance, and conductance per unit length, respectively, where the conductivity G contains the conductivity of the 2DEG. Figure 4͑a͒ shows measurements on the 2DEG sample for different propagation distances along the 2DEG, i.e., the distance between the generation and detection position is varied. We have applied a bias of 10 V to the gap to generate the electrical pulses. The first measurement denoted ''0 m,'' is performed at the beginning of the etched mesa containing the 2DEG. The other curves are taken in increments of 160 m further along the line. On top of a steplike transient, we observe additional features ͓see arrows in Fig. 4͑a͔͒ caused by optical and electrical reflections. The probe beam is reflected at the LiTaO 3 crystal facets and the electrical signal is reflected at impedance mismatches in the propagation path. 17 Impedance mismatches that can play a role in the observed time frame are formed by the edge of the mesa ͑very small͒, the edge of the LiTaO 3 crystal, and the PCS. The leading edge has a rise time larger than expected from the optical pulse width of the laser, but due to dispersion in the fiber, the optical pulse width has broadened to a measured full width at half-maximum of 700 fs. When the pulse has propagated a few hundred micrometers along the transmission line, the leading edge of the pulse is attenuated more than the remainder of the transient. This observation indicates that the higher frequencies are more strongly absorbed 5 than the lower frequencies, as will be explicitly shown later. We can verify this behavior by taking the Fourier transform of the detected electrical transients and calculating their frequencydependent attenuation constant according to Eq. ͑1͒.
IV. RESULTS AND DISCUSSION
The Fourier transform of the measured signals and the calculated attenuation constants are shown in Fig. 4͑b͒ . From the Fourier transforms, we can conclude that the higher frequencies are stronger attenuated then the low frequency components. The attenuation constant at 300 GHz is, for example, 40% higher than the zero frequency attenuation constant. The peak in the attenuation curve, which is observed around 500 GHz, results from a region where frequency components with small amplitudes are divided upon each other, resulting in large error bars. We feel that it is not justified to attribute this peak to any physical effect such as absorption due to surface plasmons.
With the model described, we have simulated pulse propagation along a 2DEG using the measured electrical transient at zero propagation distance as the input ͑Fig. 5͒. We obtained a value of ⌫ 2D /sϭ55 ⍀ Ϫ1 m Ϫ1 by a fit to the propagated signal. Since the conductivity of the 2DEG is 2D ϭ5.1ϫ10 Ϫ4 ⍀ Ϫ1 and s is 10 m, the value of the overlap factor ⌫ is Х1.1. From this number, we can conclude that the mode is confined to the 2DEG. In the simulation, we also observe a frequency dependence in the attenuation of the propagating signals. The higher frequency components are more strongly attenuated than the lower ones ͑not shown here͒. The occurrence of a frequency-dependent attenuation in our model, despite of the frequency-independent conductivity term, arises from multiplication of Z and Y. The frequency-dependent losses in our model are not only due to the conducting 2DEG, but also due to skin effect losses and radiation losses, which play a major role above a few hundred GHz. 18 As a check of our model for the sample containing the 2DEG and for excluding complications which are specific for high field transport in 2DEGs such as real space transfer 19, 20, 21 and parallel conduction, 22 we also performed measurements in a sample containing a modulation-doped quantum well ͑MDQW͒. Here, line dimensions of wϭsϭ20 m and a gap size of 10 m were used. In Fig. 6 , the results of the attenuation measurement are shown.
The simulation signal is optimized with ⌫ MDQW /sϭ18
, which gives 0.8 for the overlap factor ⌫, which is somewhat smaller than what was found for the heterostructure, where 10 m lines were used. The signal shape is less steplike, since the gap is larger and asymmetric excitation becomes more likely to occur, resulting in a real pulse.
Finally, we want to discuss whether reflections at the mesa containing the 2DEG or dispersion due to the 2DEG are substantial. This is important for structures with an integrated HEMT device, where dispersion effects and reflections on the gate line are not desired. The velocity of the propagating wave is found to be equal to what is expected from the theory (v ϭ c/ͱ⑀ eff ). Dispersion effects are also taken into account in the model, but large effects are not observed in the experiments or in the simulations. To observe any dispersion effects of the transient, the propagation distance must be as long as a few mm or the pulse has to contain even higher frequency components. In our case, the 2DEG does not cause any significant additional dispersion, compared to a CPS on an insulating substrate, as found by the transmission line model. We do not observe a broadening of the leading edge after a propagation distance of 480 m. The relative changes in the amplitudes during propagation of the fast leading edge and the slower remainder of the signal are attributed to frequency-dependent attenuation rather than to dispersion effects.
Optical and electrical reflections arising from the electro-optic sampling probe do not change the switching behavior of a HEMT when sampling is not performed on the mesa. Besides electrical reflections from the crystal edge, reflections from the edge of the mesa might arise. Calculations show that the propagation time from the mesa to the PCS ͑335 m͒ and back is 5.9 ps. The time corresponding to the propagation of an electrical transient from the middle of the LiTaO 3 crystal to the edge is 5.2 ps. The LiTaO 3 crystal causes a significant impedance mismatch, 17 as it forms a superstrate with a high permittivity ͑⑀ r ϭ41͒. Since the reflections observed in both samples have the same time delay ͑5.6 ps͒, and since the distance from the edge of the mesa to the PCS is different ͑365 m for the MDQW sample gives 6.4 ps͒, we conclude that the reflections must be subscribed to the edge of the LiTaO 3 sampling probe. Consequently, reflections from the mesa containing the 2DEG do not seem to be dominant.
V. CONCLUSIONS
In conclusion, we have studied the propagation of electrical pulses along two-dimensional conducting layers in a modulation-doped heterostructure and a single side modulation-doped quantum well. After propagation of 480 m, the amplitude is decreased more than 60%. To simulate the propagated transients, we have to add the conduction of the two-dimensional layer with an overlap factor to the conductivity term in the equivalent circuit model. We have optimized the simulation of the attenuation by the twodimensional electron gas by taking ⌫ 2D /sϭ55 ⍀ Ϫ1 m Ϫ1 and ⌫ϭ1.1. This layer structure can also be used for testing a HEMT above 100 GHz without using bonding wires. Our work demonstrates that the electrical transients will be attenuated by less than 20% after propagation for 20 m along a CPS of 1 or 2 m width and spacing as is appropriate for testing a HEMT device.
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